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Abstract: With recent changes in the legalization of cannabis around the world, there is an
urgent need for rapid, yet sensitive, screening devices for testing drivers and employees under
the influence of cannabis at the roadside and at the workplace, respectively. Oral fluid lateral
flow immunoassays (LFAs) have recently been explored for such applications. While LFAs offer
on-site, low-cost and rapid detection of tetrahydrocannabinol (THC), their nominal detection
threshold is about 25 ng/ml, which is well above the 1-5 ng/ml per se limits set by regulations.
In this paper, we report on the development of a thermo-photonic imaging system that utilizes
the commercially available low-cost LFAs but offers detection of THC at unprecedented low
concentrations. Our reader technology examines photothermal responses of gold nanoparticles
(GNPs) in LFA through lock-in thermography (LIT). Our results (n= 300) suggest that the
demodulation of localized surface plasmon resonance responses of GNPs captured by infrared
cameras allows for detection of THC concentrations as low as 2 ng/ml with 96% accuracy.
Quantification of THC concentration is also achievable with our technology through calibration.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cannabis and its byproducts are the most widely used psychoactive substances worldwide [1].
According to the World Health Organization, about 147 million people, 2.5% of the world
population, consume cannabis [2], and yet this number is expected to increase in the wake of
the recent legalization of Cannabis in Europe and North America [3]. While cannabis affects
people differently, most studies suggest that consuming cannabis impairs coordination, memory,
associative learning, attention, cognitive flexibility, and, to a certain degree, the reaction time of
users [4]. More importantly, cannabis impairment is found to be highly correlated with driving
skills; the higher the impairment, the worse the driving-related skills [5]. Accordingly, the risk
of fatal accidents is significantly increased while driving under the influence of cannabis [6–7]
and since young adults are the most frequent users of cannabis in Europe and North America
[8–9], cannabis is believed to be an important contributor to the elevated risk of motor vehicle
accidents in younger populations [10–13].
With widespread worldwide trends in the legalization of cannabis, driving a motor vehicle

while impaired has become a pressing matter for governments. Many jurisdictions in Europe
and North America have recognized the urgent need to regulate the impairment aspects of
the legalization of cannabis and formalized that operating a motor vehicle while impaired is
prohibited. However, since the determination of impairment is not a straightforward matter,
regulating bodies has established per se limits for the concentration of Tetrahydrocannabinol
(THC; a principal psychoactive element of cannabis) as a key measure in determining impairment.
Existing per se limits for THC are defined in the whole blood/plasma and vary widely between
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jurisdictions (1 to 5 ng/ml). Nonetheless, accurate measurement of THC in blood has proven to
be challenging as withdrawal of blood samples need to take place in medical facilities, causing a
significant delay in sampling (usually 1-2 hours) during which THC concentration in the blood
dramatically drops [14]. To overcome this systematic source of error in screening, and allow for
proper enforcement of regulations, law enforcement in most jurisdictions have advocated and,
even regulated, the use of devices that screen and measure THC in accessible bodily fluids such
as oral fluid [15]. Screening THC in oral fluid allows for easy collection of samples in public and
provides rapid analysis without the need for sophisticated equipment and highly trained/medical
personnel. Studies suggest a close correlation between the concentration of THC in blood and
oral fluid, especially about half an hour after consumption [16].
Reliable screening and measurement of THC in the workplace is another pressing need in

the wake of the legalization of cannabis; especially since cannabis is the most commonly found
drug among workers in many countries [17–21]. While the burden of proof for detecting
THC in the workplace is, normally, lower than that of roadside, workplace safety is by far a
larger need, encompassing the majority of the 3.1 billion USD global market of drug of abuse
testing. Workplace safety field studies suggest that acute intoxication from cannabis smoking
significantly impair employees’ performance, leading to increased risks of work-related accidents
[22]. Traditionally, urinalysis testing has been the choice for testing drugs in the workplace.
However, studies suggest that urine tests have poor validity and low sensitivity to detect employees
who represent a safety risk mostly because (1) THC has a long half-life of elimination in urine
and can be detected in urine up to weeks after last use among heavy users, occluding the
correlation between urinalysis positive test and impairment at time of sample collection. (2) the
privacy considerations in collecting urine samples allow for tampering with sample collection,
jeopardizing the validity of urine test results.

Irrespective of market (workplace vs roadside), laboratory-based analytical techniques based on
chromatographic separation procedures, such as gas chromatography-mass spectrometry (GC-MS)
[23], gas chromatography-tandem mass spectroscopy (GC-MS/MS) [24], liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [25], high-performance liquid chromatography (HPLC)
[26], are considered as the gold standard for detecting and quantifying THC. While these
laboratory-based methods are highly sensitive and specific for cannabinoid detection, they are
expensive, complex and laborious because they not only involve lengthy sample preparation
and chromatographic separation procedures but also are, normally, carried out by highly trained
personnel in a controlled laboratory environment. Long turnaround time is another limitation
of laboratory-based analytical methods because in most scenarios impaired person needs to be
immediately identified and isolated in order to prevent immediate acute events. To overcome the
challenges of THC screening in blood and urine, technologies testing oral fluids using affinity
chromatography methods, such as lateral flow immunoassays (LFAs), have recently been explored
both at the workplace and roadside [27–28]. Oral fluid LFA technologies offer simple, low-cost,
portable, and rapid detection of THC. However, the detection threshold of THC in commercially
available LFAs is normally limited to greater than 25 ng/ml, which is insufficient for proper
enforcement of workplace and roadside per se regulations.

In this manuscript, we demonstrate how thermographic interrogation of commercially-available
low-cost oral fluid LFAs with a nominal detection limit of 25ng/ml can offer an order of
magnitude improvement in detection limit, enabling reliable detection and quantification of
THC at concentrations as low as 2ng/ml. Interpretation of LFAs is, normally, carried out either
visually or using a reader based on the intensity of visible-light scattering from immobilized
gold nanoparticles (GNPs). Our innovation [29], on the other hand, explores the light absorption
thermal signatures of GNPs in response to modulated laser illumination [30] in order to minimize
background noise levels and improve detection performance. Our results (n= 300) suggest
that the demodulation of thermal-wave responses of GNPs through lock-in demodulation of
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radiometric signals registered by infrared cameras (aka. Lock-In Thermography; LIT) allows
for detection of THC concentrations as low as 2 ng/ml with an accuracy of 96%. Another
key differentiator of our technology is its ability to reliably quantify THC concentration using
commercially available and low-cost LFAs through calibration. In this manuscript, we also offer
and discuss the statistical comparison of the detection performance of developed technology
against those of human visual interpretation.

2. Methods

2.1. Lateral flow immunoassay

Lateral flow immunoassays are simple paper-based devices used for point-of-care diagnostics in
a broad spectrum of fields, spanning from agriculture to medicine to food and environmental
testing. A typical LFA strip consists of four major components; sample pad, conjugate release pad,
detection zone, and absorbent pad, all mounted on a plastic backing card as shown schematically
in Fig. 1(a).

Fig. 1. (a) Schematic diagram of LFA test strip. Schematic illustration of binding
mechanisms of competitive LFAs (b) before use, (c) negative test, and (d) positive test with
their respective visual appearance.

For detection of small size analytes such as THC, a competitive LFA format, in which an
increase in analyte concentration yields reduction of color intensity in test band, is often used. In
such design, the sample (e.g., oral fluid) applied at the sample pad migrates into the conjugate
release pad that contains the primary antibody conjugated to the colored particles (usually GNPs).
An antibody is a special type of protein responsible for binding to specific antigens or other
molecules during immunoassay. Based on their binding capability, they are broadly divided
into primary and secondary antibodies. Primary antibodies are those antibodies that bind to
other antibodies, antigen or any other substance of interest, whereas secondary antibodies are
those antibodies that bind to primary antibodies. Antigens are typically proteins peptides, or
polysaccharides, responsible for binding to antibodies to form an antigen-antibody complex.
Therefore, during the immunoassay, the primary antibody-GNP conjugates attach to analyte in
the conjugate release pad and flow along the strip to enter the detection zone. The detection
zone consists of antigen immobilized at the test band and secondary antibody immobilized at the
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control band. The antigen has the ability to bind with the primary antibody while the secondary
antibody has the ability to bind with labeled antibody conjugate. Small analytes, such as THC
have a single antigenic determinant and hence cannot bind to two antibodies simultaneously.
Therefore, if the analyte is present in the sample it binds with the primary antibody and hence
blocks the binding between the antigen and primary antibody, resulting in absence of color in the
test band. On the other hand, if the target analyte is absent, the primary antibody binds to the
antigen immobilized in the test band and a strong color line is seen in the test band (negative test).
The presence of the control line ensures that the test is performed correctly. Figures 1(b) and
1(c) and 1(d), schematically, show binding mechanism and visual presentation of LFA for blank,
negative and positive tests in competitive LFA design. The absorbent pad absorbs the excess
sample and prevents the backflow of the liquid [31]. In this study, commercially available oral
fluid LFA strips for detection of THC (NarcoCheck saliva test strips, Kappa city Biotech SAS,
Montluçon, France) with a nominal detection limit of 25ng/ml were used.

2.2. Preparation of oral fluid-THC solutions and LFA test strips

To examine the response of our technology to different concentrations of THC in oral fluid, the
standardized recipe of the Canadian Society of Forensic Science Drugs and Driving Committee
was followed [32]. That is, a known volume of Delta-9 THC stock solution (MilliporeSigma;
Oakville, Canada) was mixed with non-stabilized artificial saliva (Pickering Laboratories, Inc,
Mountain View, California, USA) to attain the desired THC concentrations of 25, 10, 7.5, 5, 2
and 0 ng/ml. To study the reproducibility, ten (10) LFAs were spiked with 150µl of solution at
each THC concentration. The LFA strips were then interpreted by visual and LIT methods.

2.3. Lock-in thermography interpretation of LFAs

A schematic of the custom-made lock-in thermography system used in this study is depicted
in Fig. 2(a). While detailed information about the system can be found elsewhere [33–36], in
short, an intensity-modulated near-infrared light (808nm Multimode Pumping Fiber Coupled
Laser Diode, Hangzhou Brandnew Technology Co., Ltd, Hangzhou, China) was collimated
(F220SMA-780 collimator, Thorlabs Inc, Newton, USA), homogenized (ED1-C20-MD diffuser,
Thorlabs Inc, Newton, USA), and impinged onto the sample (Fig. 2(a)). A multifunctional data
acquisition unit (National Instruments, Austin, Texas, NI USB-6001) was used to modulate
the laser intensity at the desired modulation frequency. Here, we used 1Hz laser modulation
frequency to illuminate the sample. The average optical intensity on the sample surface was 2.7
W/cm2. Radiometric detection was synchronously carried out via a long-wave infrared camera
(Xenics Gobi 640, Belgium, spectral range 8-14µm) at 100 frames per second through a frame
grabber (Euresys, Angleur, Belgium, Grablink Full) and via Cameralink interface. A 24 mm
focal-length objective lens was used to focus the camera on the surface of the LFAs. Lock-in
demodulation of acquired thermal camera signals was performed in the LabVIEW environment
to obtain the amplitude of ensuing thermal waves at each pixel [33–36].
MATLAB software (MathWorks, Version R2017a) was used for analyzing the amplitude

images. A representative amplitude image is shown in Fig. 2(b). The analysis software calculates
the average intensity of pixels over all the columns in a strip, as shown in Fig. 2(c). Tominimize the
systematic errors induced by day-to-day variations in laser illumination system and manufacturing
of LFAs, the contrast of LFA test strips in amplitude image were normalized by scaling the image
contrast between those of the surrounding white nitrocellulose paper (red rectangle in Fig. 2(b))
and control line. After normalization, the average intensity of pixels over all the columns in a strip
was calculated, which generated two bell-shaped curves at the control and test bands, as shown in
Fig. 2(c). For quantitative analysis, a metric was defined as the average of the amplitude values
within the full width at half maximum (FWHM) of the test line curve (between points A and B
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Fig. 2. (a) A schematic diagram of the LIT imaging system used for the interpretation of
LFA test strips. (b) Amplitude image after LIT measurement. (c) Average intensity of pixels
over all the columns in a strip.

in Fig. 2(c)). Throughout this manuscript, we will adopt this metric as a normalized amplitude
value and use it for calibration and quantitative comparison of LFAs at different concentrations.

2.4. Visual interpretation of LFAs

Thirty-two students at York University, 20–35 years old, were recruited for visual interpretation
of LFA strips spiked at various THC concentrations (0-25 ng/ml). Since LFA strips consisted of
colored test and control lines, the Ishihara color vision test was administered to each participant to
screen for color vision deficiencies. Subjects were excluded if they did not pass the Ishihara color
vision test and/or had any history of ocular disease/surgery. Two participants out of 32 could not
pass the Ishihara color vision test, so they were excluded from the study. All participants had
a normal or corrected-to-normal vision and reported no visual disorders or impairments. All
studies were conducted in a room with normal lighting condition and participants were asked to
perform two tasks. In the first task, participants were asked to interpret the test results, such as
positive, negative and invalid in accordance with the LFA manufacturer instruction. The second
task was focused on screening the ability of participants to sort LFAs based on the concentration
of THC. To do so, 2 LFAs from each concentration of THC were randomly selected as reference
visual guide for participants. These reference LFAs were represented to participants as bins. Only
investigators were aware of the concentration of THC at each bin. In the following text, we will
identify the bins as bins 1-6 corresponding to THC concentrations of 0, 2, 5, 7.5, 10 and 25 ng/ml,
respectively. After the preparation of bins, visual assessments of participants were tested using
the remaining 8 LFAs at each concentration. That is, the remaining 48 test LFAs (6 concentrations
× 8 LFAs at each concentration) were shuffled and placed in a container. Then, participants were
asked to pick up test LFAs one-by-one, compare the test LFA against all reference bins, then place
the test LFA in the bin that they think best matches the test LFA. To minimize the subjective bias
(memorization), the positions of the reference LFAs and corresponding bins were randomized 3
times (every 1/3 of the total LFAs) during each study. The test was repeated for all the spiked
LFA test strips with all the 30 participants, resulting in 1,440 (48× 30) data points. This study
was approved by the office of the research ethics committee at York University (certificate #:
e2019-006) and was conducted according to the Declaration of Helsinki.
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2.5. Data analysis

The one-way analysis of variance (ANOVA) was used to determine whether there were any
statistically significant differences in mean normalized amplitude values between different
concentration groups. If the ANOVA showed a significant difference between the mean values,
post-hoc pairwise comparisons were conducted to identify which pairs of means were significantly
different from each other. For the pair-wise comparison, a Tukey’s honestly significant difference
(Tukey’s HSD) test was adopted.

To determine the detection performance metrics of visual interpretations, bin numbers were
used for the criterion for determining true positive (TP), false positive (FP), true negative (TN)
and false negative (FN) values as shown in Table 1. For example, setting criterion to bin 2
(i.e., 2ng/ml) implies that a THC concentration of more than 2 ng/ml should be considered as a
positive reading. That is, if a 0 or 2 ng/ml LFA is placed in bins #1 or 2, then it is considered as
TN; if such LFA is placed in any of bins #3-6 a FP reading is produced. Conversely, if LFA with
concentration more than 2 ng/ml is placed in bins # 3-6 then it is considered as TP; however,
if such LFA is placed in bin # 1 or 2 a FN reading is produced. Using these data, sensitivity,
specificity, accuracy, positive predictive value (PPV) and negative predictive value (NPV) were
calculated at each criterion as:

Sensitivity =
TP

TP + FN
Specificity =

TN
TN + FP

Accuracy =
TP + TN

TP + FP + TN + FN
PPV =

TP
TP + FP

NPV =
TN

TN + FN

Table 1. Four possible outcomes: true positive (TP), true negative (TN), false positive (FP), false
negative (FN) at different criterion/cut-off levels (i.e., bin numbers)

Criterions LFA concentrations
LFA placed in bin numbers

1 2 3 4 5 6

1
0 TN FP

2,5,7.5,10 &25 FN TP

2
0 & 2 TN FP

5,7.5,10 &25 FN TP

3
0,2 & 5 TN FP

7.5, 10 & 25 FN TP

4
0,2, 5& 7.5 TN FP

10 & 25 FN TP

5
0,2, 5,7.5 &10 TN FP

25 FN TP

To determine the detection performance metrics of LIT, 50% of the LFAs in each concentration
were randomly selected as a training/calibration set, and the remaining 50% of the LFAs were
considered as a test set. The highest and lowest amplitude values of training set LFAs specified
the range of bins in each concentration. After identifying bins, the amplitude value of a test LFA
was compared to those of the bins at each concentration. A test LFA with amplitude value within
the range of the bin was placed in the same concentration bin whereas the test LFA with amplitude
value outside the range of the bin was considered to go to either higher or lower concentration
bins; that is, if the amplitude was greater than that of the bin of the same concentration, then it
was placed in the lower concentration bins while if the amplitude was lower than that of the bin
then it was placed in the higher concentration bins. After assigning all LFAs to appropriate bins,
TP, FP, TN, and FN values were calculated using the approach shown in Table 1.
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A receiver operating characteristic curve (ROC curve) was plotted to compare the detection
performances of visual and LIT interpretations in distinguishing between the LFAs with THC
and LFAs with no THC. The area under the ROC curve (AUC) that is considered as an effective
measure of accuracy was also calculated for quantitative comparisons.

3. Results

3.1. Lock-in thermography interpretation of LFAs

Figure 3(a) depicts visual and LIT images of 6 representative LFAs at various THC concentrations.
A decrease in the signal at the test lines is observed with the increase in THC concentrations in
both visual and LIT images. However, LIT images show a better change in contrast of the test
line as the concentration of THC increases compared to the contrast change in visual images. In
LIT images, the test line of 5ng/ml (if not also 2 ng/ml) can be visually differentiated from the
test lines of higher concentrations; however, it is very difficult to make such differentiation in
visual images. For quantitative analysis, the normalized amplitude metric discussed in section
2.2 was calculated for all LFAs. Figure 3(b) shows the normalized amplitude values obtained
from the representative LFAs of Fig. 3(a). The difference in the peak values of the curves at
the test line is clearly observed for each pair of concentrations. To examine repeatability, the
coefficient of variation (CV) was calculated using the 5 repeated measurements of each LFA. The
CV is the ratio of the standard deviation and the overall mean, usually expressed as a percentage
[37]. The averaged CV obtained from all the LFAs at all different concentrations was 2.03%,
demonstrating high repeatability of LIT measurements.
Figure 3(c) displays the distribution of all the normalized amplitude values (n= 300: 6

concentrations × 10 LFAs/concentration × 5 repeated measurement of each LFA). Each box
shows the normalized amplitude values of the 50measurements carried out at a given concentration.
The box plot shows no overlap in the distribution of data between any two concentration groups.
Accordingly, the mean normalized amplitude values with 99% confidence interval error bars
(Fig. 3(d)) show no overlap between any two concentration groups. One-way ANOVA test
showed statistical significance between the mean normalized amplitude values of different
concentration groups (p< 0.001). Tukey’s pairwise comparisons showed that all the pairwise
group comparisons were significantly different (p< 0.001). The effect size of 0.97 and statistical
power of 1.0 was obtained at a significance level of 0.01 using a sample size of 50 in each
concentration group.
Figure 4(a) shows the percentage of LFAs in each bin after splitting them into the training

and test sets as described in Section 2.4. The sensitivity, specificity, accuracy, PPV, and NPV
calculated from LIT data are shown in Table 2. The red solid line in Fig. 4(c) represents the ROC
curve plotted from the LIT data. The area under the ROC curve (AUC) was found to be 0.99.

Table 2. Sensitivity, specificity, accuracy, positive predictive value (PPV) and negative predictive
value (NPV) calculated from the visual and LIT interpretation of LFAs at various criterion/cut-off.

Positive reading
criterion (ng/ml)

Sensitivity Specificity Accuracy PPV NPV

LIT Visual LIT Visual LIT Visual LIT Visual LIT Visual

≥ 2 0.96 0.68 0.96 0.38 0.96 0.53 0.96 0.52 0.96 0.54

≥ 5 0.96 0.60 1 0.65 0.98 0.62 1 0.63 0.96 0.62

≥ 7.5 0.96 0.47 1 0.86 0.98 0.66 1 0.77 0.96 0.62

≥ 10 0.97 0.88 1 1 0.98 0.94 1 1 0.97 0.90

≥ 25 0.96 0.45 1 1 0.98 0.73 1 1 0.96 0.65
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Fig. 3. (a) Visual and LIT images of 6 representative LFAs at concentrations of 0, 2, 5, 7.5,
10 and 25 ng/ml. (b) Normalized amplitude values obtained from LIT LFA images in (a).
(c) Distribution of the entire dataset of the LFAs at various concentrations obtained from the
LIT system. (d) Mean normalized amplitude at different THC concentrations obtained from
(c) with 99% confidence interval error bars.

Fig. 4. Percentage of LFAs of various concentrations dropped in bin number 1-6 in LIT (a)
and visual interpretation (b). (c) ROC curves from the visual and LIT interpretation data.
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3.2. Visual interpretation of LFAs

Forty-eight spiked LFAs were interpreted by 30 participants, as described in Section 2.3.
Figure 4(b) shows the percentage of LFAs of various concentrations dropped in bin numbers 1-6
by all 30 participants. The corresponding sensitivity, specificity, accuracy, PPV, and NPV are
shown in Table 2. The solid blue plot in Fig. 4(c) shows the ROC curve corresponding to the
visual interpretation data. The area under the ROC curve was found to be 0.78.

4. Discussion and conclusion

In this study, LFA strips for THC saliva test were spiked at various concentrations of THC
and inspected visually by adults and a LIT imaging system. Figure 3(a) depicts visual images
of 6 representative LFAs at various concentrations. At high THC concentrations (e.g., 25
ng/ml), THC binds effectively with the antibodies present in the LFA sample pad; therefore, the
antigen immobilized at the test line is unable to restrain with antibody conjugate, preventing
the GNPs from being fixed on the test line and yielding lack of signal at the test line. However,
at lower THC concentrations (e.g., between 2 and 10 ng/ml), some of the antibody conjugates
are able to bind with antigen immobilized at the test line, thus forming a faint test line. At
low THC concentrations (e.g., less than 7.5 ng/ml) the change in contrast with the decrease of
concentration becomes small, making the classification of LFA with THC and without THC
challenging. Accordingly, in visual interpretation (Fig. 4(b)) participants could not find the
difference between the LFAs of concentrations less than 10 ng/ml; however, their diagnostic
performance increased for LFA concentrations 10 ng/ml and higher. This indicates that THC
concentrations of 10 ng/ml and 25 ng/ml were determined as a positive test by participants
with higher accuracy. The sensitivity, specificity and accuracy values for identifying THC
concentrations of 10ng/ml and more are 0.88, 1 and 0.94, respectively (Table 2). However, these
values are less than 80% for identifying concentration less than 10 ng/ml and, as such, could
not meet the Driving Under Influence of Drugs, Alcohol and Medicines (DRUID) standard of
>80% sensitivity, specificity and accuracy at nominal detection threshold [38]. Similarly, PPV
(i.e. probability of a positive reading being correct) and NPV (i.e. probability of a negative
reading being correct) are crucial indicators of performance for a drug screening device at the
roadside and workplace. These values are less than 80% for identifying THC concentrations of
less than 10 ng/ml for visual interpretation. Therefore, based on the results depicted in Table 2
one can assume a detection threshold of 10ng/ml for visual interpretation of LFAs used in this
study. We, however, anticipate this visual interpretation detection performance and threshold
to deteriorate in practice because our participants were visually healthy young adults (20-35
years) with no history of eye surgery, color blindness, and visual impairment but at roadside
or workplace tests are usually interpreted by individuals of different ages. Furthermore, since
our visual tests were conducted in a well-illuminated room, we anticipate that the reliability of
visual interpretation results to decline in practice due to suboptimal lighting conditions, such
as roadside conditions at nighttime or in bad weather. Therefore, visual interpretation results
suggest that if LFAs are, visually, interpreted by an objective and unbiased reader at roadside,
detection of THC concentrations at per se limit (∼1-5 ng/ml) is extremely unlikely and that one
should expect inconsistent and unreliable readings when THC concentrations are above per se
limit but lower than 10 ng/ml (if not 25 ng/ml).

Figure 3(a) depicts LIT images of 6 representative LFAs at various concentrations. Qualitative
analysis of these images (Fig. 3(b)) suggests that, unlike visual images, the contrast of the test
line in LIT is very sensitive to change in THC concentration. Better sensitivity of LIT can be
attributed to the fact that LIT utilizes the diffusion of thermal waves to interrogate the entire
thickness of LFAs whereas the scattered light in visual interpretation originates predominantly
form surface (and superficial layer) of LFA [30]. That is, in LIT the contributions of all the GNPs
located within the thermal diffusion length are integrated and accounted for in the normalized
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amplitude values. Figure 3(d) depicts the mean normalized amplitude values within the test band
for stripes with different THC concentrations. The mean normalized amplitude value decreases
monotonically with an increase in the THC concentrations in the sample. The mean normalized
amplitude values were statistically different (p< 0.001) between all the THC concentrations used
in this study. The post-hoc pair-wise comparison shows that the LIT can reliably differentiate
LFA spiked at 2 ng/ml from those spiked at 0 ng/ml. Table 2 shows that LIT technology can
differentiate THC concentrations of 2 ng/ml and more from 0 ng/ml with sensitivity, specificity,
and accuracy of 96% that is considerably higher than the standard set by DRUID for nominal
detection threshold of a drug screening device [38]. Also, the predictive values (i.e. PPV
and NPV) are almost 100% at 2 ng/ml which implies the outstanding confidence that one can
have in LIT technology results. These experimental results and statistical analyses suggest that
interrogation of the thermal signature of GNPs from the entire thickness of the LFAs significantly
improves the detection threshold of commercially available LFAs (2 ng/ml vs. the nominal 25
ng/ml limit).
The area under the ROC curve plotted from the LIT data is considerably higher than that of

the visual interpretation data (0.99 vs 0.78). This indicates that the diagnostic performance of
LIT is better than visual interpretation for distinguishing LFAs spiked with THC and without
THC. Another interesting aspect of the developed LIT system is its potential for quantifying
THC concentration. Since the box plots of any two concentrations do not overlap (Fig. 3(c)), this
imaging modality can use data of Fig. 3(d) as calibration to provide an accurate prediction for
THC concentration in oral fluid.

The performance can be improved even more by adopting better lateral flow immunoassay
assembly approaches. As can be seen in Fig. 3(c), there is a high degree of variability among
the LFAs of the same concentrations. This may be due to the batch processing approach used
in the LFA assembly. The batch processing approach involves a high degree of manual labor
and can be prone to product variability [39]. Another approach for improving performance
is the use of a green laser beam (wavelength ∼ 550 nm) instead of the near-infrared laser
(808nm). Our spectral measurements show that the difference in the absorption of light between
the test line and the surrounding nitrocellulose paper is maximum at a wavelength of 550 nm.
However, the shorter-wavelength lasers are typically more expensive and hence not suitable for
commercialization. We are currently exploring the replacement of the 808nm laser with an
assembly of high-power green LEDs.

In conclusion, we have developed a lock-in thermography imaging system to demonstrate the
detection and quantification of THC in the oral fluid at unprecedented low concentrations. Our
results suggest that LIT interrogation of low-cost commercial LFAs allows for more than an order
of magnitude improvement in the detection threshold. We have also compared the performance of
our LIT reader with visual interpretation. Results suggest a significant improvement in detection
threshold and accuracy when using LIT. Based on the DRUID definition, the detection threshold
of visual interpretation in our study is 10 ng/ml with 94% accuracy whereas the detection
threshold of LIT is 2 ng/ml at 96% accuracy. The 2ng/ml detection threshold of developed LIT
technology is significantly better than any of the workplace or roadside on-site THC screening
solutions currently available in the market (e.g., Dräger DrugTest) [38,40]. We are currently
pursuing commercialization of the developed technology and anticipate it to be used in testing
cannabis consumption in various application fields, such as testing (a) drivers in the roadside for
investigating driving under the influence of cannabis and drug-related accidents (b) employees to
ensure workplace safety (c) patients in hospitals who uses cannabis for pain relief and/or sleep
improvement (d) players in competitions who uses cannabis to enhance athletic performance (e)
correlation of THC with human cognitive and motor functions and (f) cannabis manufacturing
plans for quality control purposes. Besides the detection of THC, LFAs are routinely used for
the detection of pathogenic bacteria in food and water [41–42], disease biomarkers such as
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foot-and-mouth disease virus [43], extraparenchymal neurocysticercosis [44], and cancer and
cardiac markers in various biofluids. Since a significant majority of LFAs are based on GNPs,
the developed LIT reader can potentially be used for sensitive and quantitative interpretation of
results in such delicate application. The most important limitation of our thermo-photonic system
is the cost and size of instrumentation. The cost of our system is mostly determined by the cost
of the infrared camera (approximately $7, 000 USD for the camera used in this study). However,
we have recently shown that the cost and size limitation can be significantly reduced by using
cell-phone attachment infrared cameras [45]. Development of a portable system using low-cost
($250) cell-phone attachment infrared cameras for the detection and quantification of THC in
oral fluid is in progress in our lab. We anticipate that the low-cost and portable thermo-photonic
imager promises an affordable solution that allows for proper enforcement of per se regulations
worldwide.
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